Sodium dodecyl sulfate (SDS) and sodium dodecylbenzene sulfonate (NaDDBS) were used as surfactants to disperse multi-walled carbon nanotubes (MWNT) in cement mortar and fabricate pressure-sensitive carbon nanotubes filled cement mortar composites. The pressure-sensitivity of cement mortar composites with different concentrations of MWNT and different surfactants was explored under repeated loading and impulsive loading, respectively. Experimental results indicate that the response of the electrical resistance of composites with NaDDBS to external force is more stable and sensitive than that of composites with SDS. Therefore, NaDDBS has higher efficiency than SDS for the dispersion of MWNT in cement mortar, and it is an effective surfactant for fabricating MWNT filled cement mortar composites with superior pressure-sensitivity.
INTRODUCTION
Cement-based materials (including cement paste, cement mortar, and concrete) have long been used as structural materials for construction. Conductive fillers can be incorporated as a second phase into the matrix to produce cement-based composites with electrical conductivity (Hou and Lynch, 2005; Ou and Han, 2009) . If the electrical conductivity of such composites could vary with external stress or deformation, i.e., the materials have pressure-sensitivity, the structure itself thus becomes a multifunctional structure with sensing capability to detect levels of structural stress and monitor its own structural health (Chung, 2002; Han et al., 2009a; Ou and Han, 2009; Yu and Kwon, 2009 ).
The pressure-sensitivity of cement-based composites was firstly investigated by Chung et al. with the findings of pressuresensitivity of cement-based composites with short carbon fibers (Chung, 2002) . Since then, much work has been done on the pressure-sensitivity of cement-based composites with other electrically conductive fillers, such as carbon coated nylon fiber, steel fiber, carbon black, steel slag, and nickel powder (Mao et al., 1996; Chung, 2002; Meyyappan, 2005; Han et al., 2009a) . Carbon nanotubes (CNT), being the strongest known fiber and possessing excellent electrical properties, are promising candidates as the functional fillers for the next generation of pressuresensitive composites. Much previous research efforts have been concentrated on CNT filled polymer composites (Meyyappan, 2005) . However, there could be some profound application of CNT in cement-based materials for infrastructure applications, which also deserves extensive scientific investigation.
Since CNTs tend to aggregates together due to the van-der Waals force, their disaggregation and uniform dispersion are critical challenges to successfully fabricating CNT filled composites. Water is the most common raw material for fabricating cement-based materials. It is critical is to produce a homogeneous dispersed suspension of CNT in water before CNT are added into cement-based materials. There are two major approaches to disperse CNT in water: covalent surface modification method and non-covalent surface modification method. Covalent surface modification uses strong acids at high temperatures to introduce −COOH groups on CNT surface, but might introduce structural defects as well and is not practical for large-scale applications. The non-covalent surface modification method use surfactants to disperse CNT in water, thus is more attractive in civil applications. Sodium dodecyl sulfate (SDS) is one of the most widely used surfactants for dispersing CNT in water. Sodium dodecylbenzene sulfonate (NaDDBS) has also been proved to be efficient in solubilizing high weight fraction single-walled CNT in water (Islam et al., 2003; Tan and Resasco, 2005; Vaisman et al., 2006; Li et al., 2007; Yu et al., 2007) . However, no report is found on comparing the dispersion capability of SDS and NaDDBS to CNT in cement mortar for fabricating pressure-sensitive CNT filled cement-based composites.
In this paper, SDS and NaDDBS are used as surfactants to improve the dispersion of multi-walled CNT (MWNT) in cement mortar and fabricate pressure-sensitive CNT filled cement mortar composites. The pressure-sensitivity of CNT filled cement mortar composites with different concentrations of MWNT and different surfactants is investigated under repeated loading and impulsive loading, respectively.
MATERIALS AND METHODS

MATERIALS
The cement used is ASTM Type I Portland cement. The sand used is commercial grade fine sand provided by Quikrete International Inc., USA. The MWNT used are carboxyl MWNT provided by Timesnano (Chengdu Organic Chemicals Co. Ltd. of Chinese Academy of Sciences, China). Their properties are given in Table 1 . The carboxyl MWNTs have a relative small percentage of −COOH groups (about 3.8%), which could not induce enough negative charges on the surfaces of MWNTs. Therefore, surfactants are www.frontiersin.org needed to stably disperse the MWNTs in water. The surfactants, SDS, and NaDDBS, are from Sigma-Aldrich Co., USA. Tributyl phosphate (Sigma-Aldrich Co., USA) was used as defoamer to decrease the air bubble in CNT filled cement mortar composites caused by use of SDS and NaDDBS.
SPECIMEN PREPARATION
Some researches have proved that the ratio of surfactant to CNT can increase the dispersing capability of CNT (Islam et al., 2003; Tan and Resasco, 2005; Vaisman et al., 2006; Yu et al., 2007) , but an excessive concentration of surfactants will impair the hydration of cement and will cause a marked air-entraining effect. The 8.1 × 10 −3 and 1.4 × 10 −2 mol/L of the critical micelle concentrations therefore were taken as the input surfactant concentration of SDS and NaDDBS in water, respectively. The surfactant was firstly mixed with water (the water/cement ratio is 0.46:1) using a magnetism stirrer (PC-210, Corning Inc., USA) for 3 min. Next, MWNT (1 or 0.2% by weight of cement) were added into this aqueous solution and sonicated with an ultrasonicator (2510, Branson Ultrasonic Co., USA) for 2 h to make a uniformly dispersed suspension. Then, a mortar mixer was used to mix this suspension, cement, and sand (the ratio of sand to cement is 1.5:1) for about 3 min. Finally, a defoamer in the amount of 0.25 vol.% was added into the mixture and mixed for another 3 min.
After pouring the mixes into oiled molds (5.08 cm × 5.08 cm × 5.08 cm) and embedding two stainless steel gauzes (with opening of 1.25 cm × 1.25cm) as two electrodes with 1cm apart, an electric vibrator was used to compact the samples. The samples were then surface-smoothed, and covered with plastic films. All samples were demolded 24 h after casting. They were then cured for 28 days at a temperature of 20°C and a relative humidity of 100%. All samples were dried at a temperature of 50°C for 5 days before testing.
MEASUREMENT
Electrical resistance was measured by using a two-electrode method with a digital multimeter (Keithley 2100, Keithley Instruments Inc., USA) (Han et al., , 2009b (Han et al., , 2011a (Han et al., , 2012 . Compressive loads were applied using a material testing machine (ATS 900, Applied Test Systems, Inc., USA). Both electrical resistance and compressive loads were automatically recorded into a computer. All the experiments were carried out at room temperature. The morphologies of CNT filled cement mortar composites were examined on a scan electron microscope (JSM-6490LV, JEOL Ltd., USA). At least three specimens of each type of composites were tested. Figure 1 shows the change of the electrical resistance R of CNT filled cement mortar composites with SDS and 1 wt.% of MWNT under repeated compressive loading and impulsive loading. Figure 1A shows that the relationship between the electrical resistance of these composites and the compressive stress σ is irregular under repeated compressive loading with amplitude of 2.5 MPa. It can be seen from Figure 1B that the electrical resistance of composites decreases upon loading and increases with unloading in every cycle under repeated compressive loading with amplitude of 10 MPa, and the maximum change of electrical resistance ∆R (i.e., R − R 0 where R 0 is the initial electrical resistance of sample) reaches about 300Ω when stress is 10 MPa. However, there is no good repeatability of the change of electrical resistance in each cycle. Figure 1C shows the electrical resistance decreases with compressive stress under impulsive loading on the whole, but some of the impulsive loadings do not cause obvious change in the electrical resistance of composites. These findings indicate that the CNT filled cement mortar composites with SDS and 1 wt.% of MWNT have very poor pressure-sensitivity. Figure 2 gives that the relationships between compressive stress and the change in electrical resistance of CNT filled cement mortar composites with SDS and 0.2 wt.% of MWNT under repeated compressive loading and impulsive loading. As shown in Figures 2A,B , the electrical resistance of composites decreases with loading and increases with unloading in every cycle under the repeated compressive loading with amplitudes of 2.5 and 10 MPa, and the change in electrical resistance respectively reaches about 120 and 300 Ω maximum as the compressive stress is 2.5 and 10 MPa. However, the repeatability of the change of electrical resistance in each cycle is still not good, especially that under the repeated compressive loading with amplitude of 2.5 MPa. Figure 2C shows that most of the impulsive loadings can cause regular decrease of electrical resistance. A comparison of Figures 1 and 2 indicates that the CNT filled cement mortar composites with SDS and 0.2 wt.% of MWNT have better pressure-sensitivity than those with SDS and 1 wt.% of MWNT, but the pressure-sensitivities of both them are unsatisfactory for real applications.
RESULTS
PRESSURE-SENSITIVITY OF CNT FILLED CEMENT MORTAR COMPOSITES WITH SDS
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PRESSURE-SENSITIVITY OF CNT FILLED CEMENT MORTAR COMPOSITES WITH NaDDBS
The change in electrical resistance of CNT filled cement mortar composites with NaDDBS and 1 wt.% of MWNT under repeated compressive loading and impulsive loading is illustrated in Figure 3 . As shown in Figures 3A,B , the electrical resistance changes in same trends under the repeated compressive loads with amplitudes of 2.5 and 10 MPa. The change in electrical resistance decreases reversibly with loading and increases reversibly with unloading in every cycle, and it reaches about 360 and 700 Ω as the compressive stress is 2.5 and 10 MPa, respectively. In addition, Figure 3C shows that there is a good corresponding relationship between the electrical resistance and the impulsive loading. These findings show that the CNT filled cement mortar composites with NaDDBS and 1 wt.% of MWNT have stable and good pressure-sensitivity. Figure 4 shows that the response of electrical resistance of CNT filled cement mortar composites with NaDDBS and 0.2 wt.% of MWNT to compressive stress when the sample was under repeated compressive loading and impulsive loading, respectively. By comparing Figures 3 and 4 , we find that the change trend of electrical resistance of composites with NaDDBS and 0.2 wt.% of MWNT is similar to that of the composites with NaDDBS and 1 wt.% of MWNT under the repeated compressive loading of 10 MPa, but the electrical resistance change of the former only reaches 350 Ω. In addition, under the repeated compressive loading of 2.5 MPa, the repeatability of the change in electrical resistance is much worse than that of CNT filled cement mortar composites with NaDDBS and 1 wt.% of MWNT. These findings indicate that the pressure-sensitivity of CNT filled cement mortar composites with NaDDBS and 0.2 wt.% of MWNT is worse than that of the composites with NaDDBS and 1 wt.% of MWNT. However, Figure 4C shows that this kind of composites also have stable and sensitive pressure-sensitive responses to impulsive loads.
DISCUSSION ON MECHANISM
The above experimental results show that the pressure-sensitive properties of CNT filled cement mortar composites are closely relative to the kinds of surfactants and the concentrations of MWNT. The repeatability and sensitivity (i.e., the change in electrical resistance per unit compressive stress) of pressure-sensitivity of the composites with NaDDBS and 1 wt.% of MWNT, with NaDDBS and 0.2 wt.% of MWNT, with SDS and 0.2 wt.% of MWNT, and with SDS and 1 wt.% of MWNT decrease orderly.
The pressure-sensitivity for CNT filled composites is caused by the following four reasons: (1) the electric conductivity of CNT varies under external force (Tombler et al., 2000) ; (2) the number of contact points of CNT increases with the increase of loading, which can cause an enhancement of conductivity; (3) the separation distance between CNT decreases under compressive loading, which can cause an enhancement in tunneling effect conduction; (4) the field induced tunneling effect enhances due to compressive loading. According to the Fowler-Nordheim theory, CNT have a strong field emission effect under electric field. The local high electrical field in composites increases the potential energy of electrons through tunneling barrier between CNT, which causes the enhancement in tunneling effect conduction (Meyyappan, 2005; Li et al., 2007; Han et al., 2011b) . Furthermore, when the composites are deformed under compressive loading the separation between CNT will be reduced, i.e., the tunneling barrier to be transited by electrons will decrease and the field induced tunneling can more easily occur in the composites (Chen et al., 2004; Li et al., 2007) . As a result, the repeatability and sensitivity of the pressure-sensitivity of CNT filled cement mortar composites are strongly influenced by the conductive network in composites, which in turn is decided by the dispersion of CNT in cement mortar. Therefore, it can be concluded that the difference between the pressure-sensitivities of CNT filled cement mortar composites with different surfactants and different concentrations of MWNT is due to the different dispersion of CNT in these composites.
The reasons why CNT filled cement mortar composites with NaDDBS have better pressure-sensitivity than those with SDS can be explained as follows. SDS has weaker interaction with nanotube surfaces than NaDDBS because it does not have a benzene ring like NaDDBS. The π-like stacking of the benzene rings of NaD-DBS can interact with the surfaces of MWNTs via π-π and CH-π interactions, which can significantly enhance the binding and surface coverage of surfactant molecules to graphite (Vaisman et al., 2006) . As a result, the dispersing capability of NaDDBS to CNT is superior to that of SDS. Figure 5 shows the SEM photographs of two kinds of CNT filled cement mortar composites. It can be seen from Figure 5B that there are some aggregates of CNT in the composites with SDS and 1 wt.% of MWNT. Although the ratio of surfactant to CNT decreases with the increase of the concentration of CNT, the concentration of NaDDBS adopted in this study can disperse as high as 1.0 wt.% of MWNT owing to their superior dispersing capability to CNT. Therefore, the CNT filled cement mortar composites with NaDDBS and 1 wt.% of MWNT presents better pressure-sensitivity than those with NaDDBS and 0.2 wt.% of MWNT. On the contrary, the dispersing capability of SDS to CNT is weaker than that of NaDDBS, so the dispersing effect of SDS to 1 wt.% of MWNT is actually worse than that to 0.2 wt.% of MWNT. As a result, the CNT filled cement mortar composites with SDS and 0.2 wt.% of MWNT have better pressure-sensitivity than those with SDS and 1 wt.% MWNT.
CONCLUSION
Two types of surfactants, SDS, and NaDDBS, were used to disperse MWNT in cement mortar and fabricate pressure-sensitive CNT filled cement mortar composites in this study. The change of electrical resistance of CNT filled cement mortar composites with different concentrations of MWNT and different surfactants was studied under compression and impact, respectively. The research results show that the repeatability and sensitivity of pressure-sensitivity of the CNT filled cement mortar composites with NaDDBS and 1 wt.% of MWNT, with NaDDBS and 0.2 wt.% of MWNT, with SDS and 0.2 wt.% of MWNT, and with SDS and 1 wt.% of MWNT to external force decrease orderly. These findings indicate that NaDDBS has higher efficiency for the dispersion of MWNT in cement mortar than SDS, and it is an effective surfactant for fabricating MWNT filled cement-based composite with better pressure-sensitivity.
